We demonstrate holographic fixing by means of a thermal cycling procedure in pure and doped photorefractive KNbO 3 crystals. At elevated temperatures (70-100°C) the photoinduced grating is compensated for by a secondary grating that is formed by charge carriers whose thermal activation energy is -1.0 eV The secondary carriers are stable at room temperature and form the fixed grating after cooling the crystal. They are believed to be represented by ions or ion vacancies. By using our fixing mechanisms the holographic storage time in KNbO 3 can be increased by a factor of 106.
INTRODUCTION
It was demonstrated several years ago that KNbO 3 is one of the best materials for dynamic holography" 2 because of its combination of large electro-optic coefficients 3 and high photoconductivity. 4 High photosensitivity' and photoconductive-drift lengths that are comparable with fringe spacings 6 in holographic experiments were found in this material. Difficulties in the commercial availability of high-quality samples prevented the use of KNbO 3 for holographic applications. Since KNbO 3 crystals can now be obtained from several companies, there is a renewed interest in this material for such applications. The best photorefractive properties are normally achieved in Fe-doped crystals reduced by an electrochemical method. 4 The large photoconductivity of KNbO3 is responsible for the observed fast recording times and for the relatively fast erasure times of the hologram during readout. However, for various applications, e.g., in the fields of optical signal processing and associative memories, a nondestructive readout of the stored information is needed. The purpose of this study is to demonstrate the feasibility of using KNbO 3 as a crystal for long-term storage also.
Several techniques for fixing holographic gratings in electro-optic crystals were developed in the past, such as thermal fixing in LiNbO 3 (Refs. 7 and 8) and Bi1 2 SiO 2 0 (BSO), 9 electrical fixing in BaTiO 3 (Ref. 10 ) and strontium barium niobate (SBN),1"" 2 two-photon recording in LiNbO 3 (Ref. 13 ) and potassium tantalate niobate (KTN) ,' 4 as well as thermal fixing combined with the application of an ac electric field in Bi1 2 TiO 2 0 (BTO).' 5 Additionally, quasi-nondestructive readout of the stored information can be obtained by a fixing technique in BSO and BTO crystals at room teperatures. 16' 9 In a recent paper 2 0 we reported an anomalous behavior during the recording and the subsequent dark decay of holographic gratings in pure KNbO 3 at temperatures near 1000C. The anomalous dynamics of the holographic diffraction efficiency could not be explained by the classical models for the photorefractive effect, where a single set of donor and acceptor centers is assumed. It could only be understood through the presence of some charge carriers that can move at elevated temperatures, creating a negative replica of the photoinduced space-charge field. At room temperature these carriers have an extremely low drift velocity, which permits the fixing of the holographic grating.
In this paper we report on new experiments that extend the previous work to doped KNbO3 crystals. We focus on the optimization of the fixing properties and on the determination of the activation energies for the compensating charge carriers in the different crystals. Comparing the different results and assuming a common origin for fixing in all the investigated samples, we can limit the range of the possible origins for the secondary charge carriers.
EXPERIMENTS
The three crystals used in our experiments were grown in our laboratories by the method of top-seeded hightemperature-solution growth. 2 ' One of the three crystals investigated was nominally pure; the second was doped with a 1% Fe concentration in the melt (KNbO 3 :Fe).
The melt composition of the third crystal was K 0 . 95 Li0.02 5 Na0.026NbO 3 + 1000 parts in 10 Fe (KNbO 3 : LiNaFe). In the third crystal, Fe was added in order to maintain good photorefractive properties. From the as-grown boules, rectangular shaped crystals were cut, and their faces parallel to the c axis were polished to optical quality. The thicknesses of the pure, the KNbO3:Fe, and the KNbO 3 :LiNaFe samples were 1.43, 2.12, and 1.54 mm, respectively.
Measurements of optical absorption, dark conductivity and photoconductivity, beam coupling, and isotropic Bragg diffraction at room and elevated temperature were performed. The setup for the holographic experiments is shown in Fig. 1 beam (A = 632.8 nm) incident under the Bragg angle. The dark decay (with shutter S1 of Fig. 1 closed) was also monitored by the He-Ne beam. The diffraction efficiency q, defined as the ratio of the diffracted-wave intensity to the incident-wave intensity, was measured by a photomultiplier tube. The data were then digitized by using either a digital oscilloscope or a digital multimeter and were transferred to a computer. For the beam-coupling measurements the intensity IA of one of the recording beams was attenuated by inserting a neutral-density filter in front of the crystal. The transmitted intensity [IA(L) , where L is the crystal thickness)] was detected by an additional photomultiplier behind the crystal. In this way the effective gain yo, defined as
was measured. F is the exponential gain coefficient arising from beam coupling.
In the Bragg-diffraction experiments the polarization of the recording beams was perpendicular to the plane of incidence and that of the weak readout beam was parallel to the plane of incidence. For the beam-coupling experiments the writing beams also were polarized parallel to the incidence plane in order to make use of the large electro-optic coefficient r 33 .
To characterize the unusual dynamical behavior, we performed various measurements at temperatures ranging between 20° and 180°C. For this purpose the samples were placed in a furnace that permitted a temperature stability of 0.05°C. No electric field was applied to the samples, so the main mechanisms for the charge transport were thermal diffusion of the carriers, drift due to internal electric fields produced by the periodic illumination, and the photovoltaic effect.
RESULTS
The measured absorption constants a at 514 nm for the undoped, the Fe-doped, and the LiNa-and Fe-doped KNbO 3 samples were 0.25, 1.0, and 0.5 cm-', respectively. No qualitative difference in the absorption spectra of the two doped samples was observed, which suggests a common origin for the photorefractive active centers. As is usual for KNbO 3 crystals, 22 the doped samples exhibited a smaller dark conductivity o~d as well as a smaller mobilitylifetime product than the pure, partially reduced sample.
We measured Cd = 4 x 10-( cm)-' for the pure sample, ad = 2 x 10-13 (il cm)-' for KNbO 3 :Fe, and Cd = 3 x 10-13 (fl cm)-' for KNbO 3 :LiNaFe. The value of (DpU (where 'D is the quantum efficiency, A. is the mobility, and X is the lifetime of the excited carriers) obtained from photoconductivity measurements 4 was 6 x 10-9 cm 2 /V for the pure sample and 300 times smaller for a doped sample.
Both electrons and holes can contribute to the photoconductivity in KNbO 3 . 4 In general, the photoconductivity o-ph is given by 23 O'ph = nee/.Le + nheLh = gefeee + ghThepLh, (2) where e is the elementary charge, ne and nh are the densities of photoexcited cariers, ye and {lh are the mobilities, ge and gh are the generation rates, and Te and Th are the lifetimes for electrons and holes, respectively. The relative contributions of the first and second terms on the right-hand side of Eq. (2) depend strongly on the doping and on the reduction states of the crystals. In general, 4 22 the first term dominates in strongly reduced KNbO 3 crystals and the second in strongly doped, as-grown samples. With consideration of the geometry used, the sign of the charge carriers responsible for the photoinduced spacecharge field (primary charge carriers) can be deduced from beam-coupling experiments. 2 4 In our samples we found charge transport that is due to holes in both doped crystals and electron charge transport in the pure crystal.
At room temperature the buildup, the dark decay, and the optical erasure of the space-charge field (E,,,cx q1/2) follow the normal simple exponential time behavior illustrated in Fig. 2 . The recording process is given by E,,(t) = C[1 -exp(-t/,riting)]. The decay and erasure are given by E,,(t) = C exp(-t/r 2 ), where 2 is the respective time constant. The same dynamics is expected to appear also if the recording is carried out at elevated temperatures. However, at temperatures above 70°C the single-exponential buildup and decay seen in Fig. 2 are reproduced only if the hologram recording is interrupted immediately after ES has reached its saturation value. If the recording is prolonged, the steady-state refractiveindex change is no longer stable and the diffraction efficiency begins to decrease. This is observed in all three samples at elevated temperatures and in the KNbO 3 :Fe sample even at room temperature. The typical behavior for the recording (t < 550 see) and the subsequent development of the diffraction efficiency in the dark (t > 550 sec) can be seen in Fig. 3 for the case of the KNbO 3 :LiNaFe sample.
Four phases, A, B, C, and D, can be clearly distinguished in the temporal development of the diffraction efficiency 7(t) of Fig. 3 . We can give the following interpretation for the observed behavior. In phase A of 1(t) the primary charge carriers lead to the buildup of the photoinduced space-charge field, which is then compensated for in phase B by some secondary charge carriers. At the end of phase B two canceling electric-field grating components are generated. At the beginning of phase C the recording beams are switched off, and the grating formed by the primary charge carriers disappears by diffusion. Thus the second grating is revealed and starts to decay exponentially with a different time constant (phase D).
The presence of the two compensating gratings at the end of phase B can be demonstrated in two ways. One possibility is that at that point the crystal could be shifted by a fraction of the fringe spacing. In this way the old primary grating would be erased and a new one, having a different phase, would be generated. If the shift of the crystal were half of the fringe spacing, the new primary space-charge grating and the old secondary grating would add, giving a diffraction efficiency that would be four times larger. The second possibility is simultaneous Bragg-diffraction and beam-coupling measurements.
Such measurements are shown in Figure 4 . The value of yo during the dark decay is measured by periodically turning on the recording beams for a short time. At the first and second peak of 7 we have yo < 1 and yo > 1, respectively, clearly showing that the primary and secondary gratings are mutually phase shifted by an angle ir.
In Fig. 3 both recording beams were switched off at the end of phase B. If only one of the writing beams is interrupted, a nearly identical dynamics is observed. From this it follows directly that the secondary grating cannot be erased optically. A completely different dynamics would otherwise be expected in phases C and D. Figure 5 illustrates an attempt to erase the secondary grating by homogeneous illumination at 514 nm. The decay velocity of the secondary grating under the homogeneous illumination is even slightly slower than in the dark. The first transient observed immediately after switching on the erasure beam is most likely due to a partial compensation for the secondary grating by the new photoexcited primary charge carriers. This compensation is never complete even for erasure intensities greatly exceeding 1 W/cm 2 . If the homogeneous illumination is again switched off, recovers its old value. -., . ., ., ., . .,
. I As can be clearly seen in Fig. 5 , the decay of the secondary grating is always a simple exponential, in the dark as well as under homogeneous illumination. The same holds for the time behavior during compensation in phase B (Fig. 3) . We can therefore fit the experimental curves in phase D as An(t) = Ano exp(-t/r), (3) where An is the amplitude of the refractive-index change.
The measured values of the time constant T at different temperatures can be seen in Fig. 6 for the three diffferent crystals; the longest decay times are obtained in the (4) where K is the grating vector, No is the average density of the secondary charge carriers, and N 1 the modulation amplitude. The space-charge field produced by this inhomogeneous distribution is obtained by using the Poisson equation:
eeO K where 8 is the dielectric constant and Eo is the permittivity of the vacuum. The equation for the current density for self-erasure of the secondary grating contains two terms, one due to drift of the secondary charge carriers by the space-charge field and the second due to diffusion, J = e 8 ,uNE 8 c -A. 8 kBT(aN/ax).
Here kB is the Boltzmann constant, T is the absolute tem- Therefore for No 3 3 x 1014 cm-3 the first term on the right-hand side of Eq. (7) The values for the pure crystal lie between those of the two doped crystals. As can be seen in Fig. 6 , the time constant T is strongly temperature dependent and follows an Arrhenius law:
Fitting the experimental data to this equation, we can obtain the activation energy AE for the mobility of the secondary charge carriers. The activation energies are The somewhat smaller value of the activation energy observed in our Fedoped sample (Fig. 6 ) cannot be explained at the present stage of the investigations.
Fixing of volume holograms can be achieved by using the strong temperature dependence of r. The hologram is recorded at a given fixing temperature of typically .80°C. After the compensation is accomplished, the crystal is cooled to room temperature. During the cooling process the recording can be either continued or interrupted. In the second case the cooling process should be fast in order to avoid the backdiffusion of the secondary charge carriers. At room temperature a simple exponential decay of the fixed grating is observed. The corresponding storage times of 20 days for KNbO 3 :LiNaFe, 1 day for KNbO:pure, and 20 min for KNbO 3 :Fe agree well with the extrapolation of the fitted straight lines in Fig. 6 . Further cooling of the KNbO 3 :LiNaFe sample to 0 0 C can lead to optically nonerasable holograms with a storage time of 6 months, corresponding to an improvement by 7 orders of magnitude with respect to a nonfixed grating. Because of the faster diffusion of the secondary charge carriers, holograms in the KNbO 3 : Fe sample can be fixed even at room temperature without the need for an applied electric field. However, in this case there is the basic disadvantage that the time required for the fixation and the storage time are more or less equal. The diffraction efficiencies obtained for the fixed grating are typically between one tenth and one half of the values measured for the primary grating alone and reach -0.5% in our 1.5-mm-thick samples.
DISCUSSION
The anomalous behavior at elevated temperatures and the fixing characteristics were explained in Section 3 in terms of some thermally activated carriers migrating in the crystal. The origin of the carriers was not determined. The photorefractive characteristics (e.g., the sign of the primary charge carriers) of the three investigated samples are different. Nevertheless, the same anomalous behavior is observed in all samples investigated. Based on this fact, some conclusions can be drawn about the nature of the involved secondary charge carriers. For the following discussion, we make the basic assumption that the origin of the secondary carriers is the same in all the investigated samples. This seems reasonable for two reasons. First, in the three crystals the dynamics is the same; second, apart from the KNbO 3 :Fe sample, the activation energies are quite close to each other in the KNbO 3 :LiNaFe and the KNbO 3 :pure samples.
It may be suggested that primary and secondary charge carriers are both of an electronic nature but have a different sign (e.g., electrons and holes). A similar kind of charge transport is believed to be responsible for the roomtemperature holographic fixing in BSO and BTO. 7 -' 9 In this case a model with two completely independent sets of active centers like the one proposed by Valley 2 6 should be assumed. Only one of the sets should be photoactive, in order to prevent erasure by photoexcitation. One of the two sets should provide only excitation of electrons into the conduction band and the other only hole excitation in the valence band. Such a model could account for our observations only if the different samples are considered individually. For instance, in KNbO 3 :Fe or KNbO 3 :LiNaFe a photoinduced grating formed by holes could be compensated by thermally excited electrons that represent the secondary carriers. If the mobility and the cross section for thermal excitation of the electrons are low, the electron grating will remain stored for a long time. Since the photo cross section for electrons is zero and the two sets are independent, an optical erasure would be prevented.
If the results obtained for the different samples are compared and our basic assumption is taken into account, the above model fails. In the two doped samples, where the primary charge carriers are represented by holes, the model would require that the compensation charge carriers be electrons. The contrary would be true for the undoped crystal. This is clearly in contrast with the assumption of a common origin of the secondary charge carriers for all samples. A further argument can be given to demonstrate the unsuitability of the above model for the explanation of hologram fixing in KNbO 3 . The primary charge carriers in KNbO 3 :LiNaFe were changed from holes to electrons after application of an electric field of approximately 100 V/cm at 180'C for 14 h. After this treatment the crystal still showed the same unusual dynamics without any relevant change in the time constants for the compensating grating and the related activation energy defined in Eq. (8) . This shows that the secondary carriers also remained the same after the reduction treatment and, since the fixed gratings were still not erasable, the identification of the secondary carriers as electrons or holes can be excluded.
The observed effects can be understood only if besides band motion another kind of change transport is considered, e.g., the motion of some ions in the bulk of the crystal. This accounts for the impossibility of optical erasure of the grating, since ionic motion cannot be activated directly by photons.
In LiNbO 3 the motion of protons seems to contribute to the fixing mechanism. 2 7 Their thermal activation energy is 1.1 eV and lies quite close to the values that were measured in this work for KNbO 3 . The protons form OH-groups inside the crystal, and the connected vibrational absorption band in the infrared can be measured. In this way the presence of protons in an amount normally exceeding 10l1 cm-3 was demonstrated in the case of KNbO 3 crystals also. 2 " It is therefore possible that protons are responsible for the fixing in our samples. However, data about their mobility are not yet available, and a definitive assignment is not possible at the present stage of the investigations.
In a recent paper, Matull and Rupp 29 proposed a connection between the thermal fixing of holograms and the thermoelectret properties in the case of LiNbO 3 . Since the two phenomena are quite similar, the assumption of a common microscopical origin seems reasonable and could probably be applied to most of the materials that permit high-temperature thermal fixing. The existence of an electret state in a number of ABO 3 oxides with the perovskite structure was demonstrated recently.
3 0 It was shown that a high concentration of A and 0 vacancies favor the formation of thermoelectrets. The role played by the diffusion of oxygen vacancies in the formation and discharge of the electrets was also emphasized in a paper by Bondarenko et al. 3 ' Further arguments suggest a possible relation of hologram fixing to diffusion of oxygen vacancies. The electrocoloration of SrTiO 3 at temperatures above 100°C was attributed to the drift of oxygen vacancies that creates reduced and oxidized regions in the crystal. 32 The authors estimated an oxygen vacancy con- Moreover, the respective activation energies are also consistent with our experiments. If vacancy diffusion is responsible for the fixing in KNbO 3 , the different time constants observed for the three different crystals could be explained by a different vacancy concentration that is due to slightly different growing conditions or by a different mobility that is due to different scattering mechanisms induced by the different dopants. However, the actual data seem to support explanations by means of either a proton or a vacancy mechanism and do not permit a definitive attribution.
In conclusion, the possibility of using KNbO 3 as a longterm storage medium was demonstrated. The largest increase of the storage time (6 orders of magnitude at room temperature) was reached for the KNbO3:LiNaFe crystal. The doping has been shown to influence strongly the thermal fixing characteristics of KNbO 3 . This allows us to expect a further optimization of the storage times in new doped crystals that are being grown now. A purely electronic mechanism can be excluded, and the drift of ions in the bulk of the crystal can explain the observed phenomena. The moving microscopical defects are suggested to be either protons or oxygen vacancies. However, more work is needed in order to identify clearly which one of the two defects plays the significant role.
